The large multidomain GTPase dynamin self-assembles around the necks of deeply invaginated coated pits at the plasma membrane and catalyzes vesicle scission by mechanisms that are not yet completely understood. Although a structural role for the 'middle' domain in dynamin function has been suggested, it has not been experimentally established. Furthermore, it is not clear whether this putative function pertains to dynamin structure in the unassembled state or to its higher-order self-assembly or both. Here, we demonstrate that two mutations in this domain, R361S and R399A, disrupt the tetrameric structure of dynamin in the unassembled state and impair its ability to stably bind to and nucleate higherorder self-assembly on membranes. Consequently, these mutations also impair dynamin's assembly-dependent stimulated GTPase activity.
Introduction
The large GTPase dynamin (B100 kDa) plays a critical role in clathrin-mediated endocytosis (Hinshaw, 2000; Conner and Schmid, 2003; Praefcke and McMahon, 2004) . Dynamin self-assembles into collar-like structures around the necks of deeply invaginated coated pits at the plasma membrane and by mechanisms not yet clear mediates the pinching-off of coated vesicles into the cytoplasm (Sever et al, 2000b; Song and Schmid, 2003) . In vitro, dynamin forms supramolecular structures consisting of rings and spirals either in low ionic strength buffers (o50 mM salt) (Hinshaw and Schmid, 1995) or at physiological ionic strength (150 mM salt) onto negatively charged lipid templates to generate dynamin-encircled lipid tubules that are reminiscent of the collars observed in vivo (Sweitzer and Hinshaw, 1998; Stowell et al, 1999) .
Dynamin exhibits stimulated GTPase activity upon self-assembly and undergoes appreciable conformational changes during its GTP hydrolysis cycle (Sever et al, 1999; Stowell et al, 1999; Chen et al, 2004) . Based on these observations, self-assembled dynamin has been proposed to function as a mechanochemical enzyme that employs nucleotide-dependent conformational changes to either constrict, stretch or twist the underlying membrane bilayer in order to sever the coated pit neck at the plasma membrane (Hinshaw and Schmid, 1995; Sweitzer and Hinshaw, 1998; Stowell et al, 1999; Chen et al, 2004; Roux et al, 2006) . Other data suggest that unassembled dynamin functions as a regulatory molecule controlling earlier stages of coated vesicle formation (Sever et al, 1999 (Sever et al, , 2000a . These two models for dynamin function are not mutually exclusive, and recent evidence suggests that both assembly-stimulated and assembly-independent GTPase activities of dynamin are critical for clathrin-mediated endocytosis (Song et al, 2004a; Narayanan et al, 2005) .
Dynamin has a modular structure comprised of an N-terminal GTPase domain (residues 1-300), a pleckstrin homology (PH) domain (residues 521-623) responsible for membrane binding, a GTPase effector domain (GED; residues 624-750) involved in self-assembly and that also serves as an internal, assembly-dependent GTPase-activating protein and a C-terminal proline/arginine-rich domain (residues 751-864) that binds to numerous, functionally diverse SH3 domaincontaining proteins that participate in endocytosis (Hinshaw, 2000) . Apart from these, dynamin also contains a 'middle' domain (residues 301-520) of ill-defined function that lacks sequence homology to any known structural motif. The N-terminal half of this domain, which contains a predicted coiled-coil region (residues 320-350), is significantly more conserved than the C-terminal half between dynamin isoforms .
A potential role for the middle domain in dynamin selfassembly has been suggested based on two independent studies conducted on isolated fragments of this segment. Circular dichroism (CD) spectroscopy and sedimentation equilibrium analyses have demonstrated that a synthetic peptide derived from the N-terminal half of the middle domain (residues 323-352) adopts an a-helical coiled-coil structure and forms stable tetramers in solution (Okamoto et al, 1999) , whereas yeast two-hybrid analyses have revealed that the middle domain makes extensive contacts with the self-assembling GED (Smirnova et al, 1999) . Recent cryo-EM studies have suggested that a 'stalk' presumably composed of the GED and the middle domain mediates intermolecular interactions in self-assembled dynamin (Zhang and Hinshaw, 2001) . Although these studies predict a structural role for the middle domain in dynamin function, it is not known whether these interactions pertain to dynamin's tertiary/ quaternary structure in the unassembled state or to its supramolecular assembly or both. Furthermore, the quaternary structure of dynamin in the unassembled state has not been unambiguously established and remains a matter of debate. In its native state, dynamin has been reported to exist either as monomers (Binns et al, 1999) , dimers (Tuma and Collins, 1995) or tetramers (Muhlberg et al, 1997) . Thus, the role of the middle domain within the context of tertiary, quaternary and higher-order structures still remains to be experimentally tested in the context of a full-length dynamin molecule.
In order to elucidate the role of the middle domain in dynamin structure and function, we have introduced and characterized two mutations, R361S and R399A, in the conserved N-terminal half of this domain. These mutations disrupt dynamin's quaternary structure in the unassembled state and consequently impair its ability to stably bind to, and nucleate self-assembly on, membranes. Thus, we establish that the middle domain is an oligomerization domain required for dynamin's quaternary structure in the unassembled state and also for higher-order self-assembly.
Results
Dyn1-R361S and Dyn1-R399A are defective in self-assembly Dynamin self-assembles into higher-order structures in low ionic strength buffers (o50 mM salt) even in the absence of a lipid template, pointing to the involvement of charged residues in protein-protein interactions (Hinshaw and Schmid, 1995) . Hence, we chose to substitute two conserved arginines at positions 361 and 399 in the N-terminal half of the middle domain with uncharged residues, serine (R361S) and alanine (R399A) respectively, with the expectation that these mutations would adversely affect higher-order self-assembly. The CD and Trp emission spectra of Dyn1-R361S and Dyn1-R399A were identical to those of Dyn1-WT (wild type) suggesting that the tertiary structure of dynamin was not significantly perturbed by these mutations (Supplementary Figure 1) .
Formation of higher-order structures consisting of rings and spirals onto negatively charged lipid templates including L-a-phosphatidylinositol-4,5-bisphosphate (PI4,5P 2 )-containing liposomes enhances dynamin's GTP hydrolysis rate up to 100-fold, a lack of or reduction of which may imply an intrinsic defect in self-assembly (Song et al, 2004b) . To test whether substitutions R361S and R399A affect dynamin's assembly-dependent GTPase stimulation, we determined the GTPase activities of Dyn1-R361S and Dyn1-R399A upon incubation with 15 mol% PI4,5P 2 -containing liposomes ( Figure 1A ). The stimulated GTPase activities of Dyn1-R361S and Dyn1-R399A were reduced 3-and 10-fold, respectively, when compared with Dyn1-WT ( Table I ), suggesting that these mutants may indeed be impaired in higher-order selfassembly. More drastic reductions in stimulated GTPase activities were observed for Dyn1-R361S and Dyn1-R399A upon incubation with 100 mol% phosphatidylserine (PS) liposomes, another negatively charged lipid template that supports dynamin self-assembly (Supplementary Figure 2) .
The apparent reduction in the assembly-stimulated GTPase activities of Dyn1-R361S and Dyn1-R399A can be accounted for either by a loss of catalytic activity but not self-assembly or by impaired self-assembly that ultimately affects GTPase Figure 1 Dyn1-R361S and Dyn1-R399A are defective in self-assembly. (A) GTPase activities of 0.5 mM Dyn1-WT (J), Dyn-R361S (&) or Dyn1-R399A (E) after pre-incubation with PI4,5P 2 -containing liposomes (150 mM lipid) was measured at 371C, as described under Materials and methods. The concentration of P i released is plotted as a function of time. The average values of at least four independent experiments are shown with standard deviations, as indicated. (B) Self-assembly of dynamin (1 mM protein) on liposomes (300 mM lipid) with or without PI4,5P 2 , or at low ionic strength (no salt), was examined by sedimentation followed by SDS-PAGE analysis of the supernatant (S) and pellet (P) fractions as described under Materials and methods; total protein (T). (C) Electron micrographs of Dyn1-WT, Dyn1-R361S and Dyn1-R399A (1 mg/ml protein) self-assembled on PI4,5P 2 -containing liposomes (1 mg/ml lipid) were obtained as described under Materials and methods. Scale bar, 200 nm. activity. To directly test these possibilities, we next determined the ability of these mutants to bind to, and form higher-order structures on, PI4,5P 2 -containing liposomes that are readily sedimentable by centrifugation. Although nearly all of Dyn1-WT was recovered by sedimentation in the presence of these liposomes, only B50% of each of the mutants was sedimentable ( Figure 1B ), confirming that Dyn1-R361S and Dyn1-R399A are impaired in membrane binding. In control experiments with liposomes lacking PI4,5P 2 or PS, neither Dyn1-WT nor the mutants were sedimentable, reflecting dynamin's specificity towards negatively charged membranes. Consistent with a defect also in self-assembly, both Dyn1-R361S and Dyn1-R399A were impaired in assembling into sedimentable, higher-order structures under low ionic strength conditions that otherwise promote Dyn1-WT assembly even in the absence of a lipid template ( Figure 1B ). The nearly 50% reduction in Dyn1-R361S and Dyn1-R399A binding to PI4,5P 2 -containing liposomes is less severe than the B70 and 90% reductions in their assembly-stimulated GTPase activities, respectively ( Figure 1A and B). One possible explanation for this apparent inconsistency is a defect in the higher-order structures formed by membrane-bound Dyn1-R361S and Dyn1-R399A that results in a less effective stimulation of GTP hydrolysis. To determine whether the higher-order structures formed by Dyn1-R361S and Dyn1-R399A on PI4,5P 2 -containing liposomes are similar to those formed by Dyn1-WT, we visualized them by negativestain electron microscopy. In contrast to Dyn1-WT, which deformed spherical liposomes into lipid tubules of nearly uniform diameter encircled by well-organized stacks of a polymeric dynamin spiral, both Dyn1-R361S and Dyn1-R399A formed lipid tubules of variable diameter along the tubule length encircled by disordered rungs of a dynamin spiral ( Figure 1C ). Taken together, these data suggest that Dyn1-R361S and Dyn1-R399A are not only impaired in membrane binding, but also form defective higher-order structures when self-assembled on membranes.
Dyn1-R361S and Dyn1-R399A are assembly-defective dimers Dynamin binds to PI4,5P 2 -containing membranes via its PH domain. Previous studies have shown that the affinity of an isolated dynamin PH domain for the phosphoinositide headgroup is low, and therefore, stable binding of dynamin to a PI4,5P 2 -containing membrane surface requires the high avidity interactions provided by its oligomerization (Klein et al, 1998; Lemmon and Ferguson, 2000) . Sedimentation equilibrium experiments have shown that dynamin in the unassembled state exists in dynamic equilibrium between monomeric and tetrameric states, with the tetramer thermodynamically favored over the monomer (Binns et al, 1999) . As dynamin in the tetrameric state is expected to exhibit a higher avidity for the target membrane than a monomer or a dimer, we reasoned that impaired membrane binding in Dyn1-R361S and Dyn1-R399A could be due to a perturbation in dynamin quaternary structure that significantly reduces its avidity for the target membrane.
To test whether Dyn1-R361S and Dyn1-R399A have disrupted quaternary structures in their unassembled state, we initially determined their sedimentation coefficients (S) by sedimentation velocity analytical ultracentrifugation. In contrast to Dyn1-WT, which sedimented at B10-12 S, both Dyn1-R361S and Dyn1-R399A sedimented predominantly at B6 S with only minor fractions at 10-12 S corresponding to that of the WT (Figure 2A ). These data indicated that Dyn1-R361S and Dyn1-R399A are indeed disrupted in quaternary structure with the equilibrium shifted in favor of smaller species, presumably monomers or dimers.
Accurate determination of the quaternary structure of Dyn1-R361S and Dyn1-R399A by sedimentation equilibrium analytical ultracentrifugation, as determined previously for Dyn1-WT (Muhlberg et al, 1997) , was precluded owing to a slow rate of dynamin microaggregation in our samples (see void volume in Figure 2B ). To overcome this limitation, both WT and mutant dynamin samples were resolved by sizeexclusion chromatography (SEC; Figure 2B ) and the major species in the included volume were analyzed by on-line multiangle laser light scattering (MALLS), a technique now widely used for unambiguous molecular mass determinations (Wen et al, 1996; Andersson et al, 2003; Ye, 2006) . Unlike SEC, which relies on data based on relative standards and is influenced by molecular shape or sedimentation equilibrium analytical ultracentrifugation, which is time consuming resulting in protein aggregation during the course of the experiment, this combination of SEC and MALLS (SEC-MALLS) is relatively quick and determines the average molecular mass of each eluted fraction directly without calibration against standards or assumptions of molecular shape and size. SEC-MALLS data analyses unambiguously showed that Dyn1-R361S and Dyn1-R399A are predominantly dimers in contrast to Dyn1-WT tetramers (Table I) . Thus, these data reveal that R361 and R399 in the middle domain are critical for establishing dynamin tetrameric structure in the unassembled state.
Dyn1-R361S and Dyn1-R399A exhibit impaired cooperativity in self-assembly Previous studies have shown that dynamin's GTPase activity increases nonlinearly or sigmoidally with increasing protein concentration, reflecting positive cooperativity in higherorder dynamin-dynamin interactions that disproportionately enhances GTPase activity Song et al, 2004b) . To determine whether the assembly defect in Dyn1-R361S and Dyn1-R399A is due to impaired positive cooperativity, we determined their GTP hydrolysis rates with increasing protein concentration and at low ionic strength (no salt) that favors higher-order self-assembly. Whereas the GTP hydrolysis rates of Dyn1-WT increased sigmoidally with increasing protein concentration, as expected, only a linear response was elicited from Dyn1-R361S and Dyn1-R399A, indicating impaired positive cooperativity in dynamin-dynamin interactions that promote higher-order self-assembly (Figure 3 ).
Dynamin's basal GTPase activation is not rate-limited by nucleation
In recent studies using a coupled assay to measure the kinetics of GTP hydrolysis of either the yeast mitochondrial dynamin-related protein, Dnm1, or Dyn1-WT, a kinetic 'lag' was observed upon dilution of these proteins into low ionic strength buffer to trigger self-assembly before steady-state GTP hydrolysis rates were achieved (Ingerman et al, 2005; Sever et al, 2006) . The duration of the lag decreased with increasing protein concentration, suggesting that it represented a rate-limiting nucleation event also cooperative with respect to GTP concentration. Consistent with this interpretation, no lag was detected when assaying middle domain mutants, Dnm1G385D or Dyn1-I690K, which coincidentally also exist as assembly-defective dimers in solution (Ingerman et al, 2005; Sever et al, 2006) .
We have used this coupled assay to examine the kinetics of basal GTP hydrolysis by Dyn1-WT in comparison to Dyn1-R399A, which exhibited the greatest defect in selfassembly ( Figures 1A, B and 3) . Interestingly, we also detected a pronounced kinetic lag for Dyn1-WT even when assayed at physiological ionic strength (150 mM KCl), a condition that does not favor dynamin self-assembly in the absence of an appropriate lipid template ( Figure 4A and Table II ). In contrast to previous studies conducted at low ionic strength, we also detected a lag with the assemblydefective Dyn1-R399A mutant ( Figure 4B and Table II) . No lag was detected when the dynamin GTPase domain alone (residues 1-307) was subjected to this assay, indicating that it is not an artifact of assay conditions and also suggesting that the molecular events occurring during the lag phase involve domains other than or in addition to the GTPase (Supplementary Figure 3) .
If this lag represents a rate-limiting nucleation event as suggested for dynamin at low ionic strength (Ingerman et al, 2005; Sever et al, 2006) , and if the steady-state basal rate of GTP hydrolysis at physiological ionic strength is also limited by dynamin-dynamin higher-order interactions, then one would expect a substantial reduction in the lag period and an exponential increase in the rate of basal GTP hydrolysis with increasing protein concentration. Contrary to this scenario, there was no significant decrease in the lag period for either Dyn1-WT or Dyn1-R399A with increasing protein concentration (Table II) . In addition, the specific activity of Dyn1-WT merely doubled with a three-fold increase in protein concentration (from 2 to 6 mM) showing a less than linear dependence on it (Table II) . Similarly, Dyn1-R399A, which had slightly higher rates of basal GTP hydrolysis than Dyn1-WT, exhibited only a modest concentration-dependent increase in its specific activity (Table II) . These data suggest that the basal GTPase activity of dynamin at physiological ionic strength is independent of higher-order protein-protein interactions.
To directly probe for evidence of higher-order dynamindynamin interactions under these conditions, we developed and employed a fluorescence-based assay that monitors dynamin self-assembly in real time. Here, Dyn1-WT and Dyn1-R399A were both labeled with the thiol-reactive BODIPY dye (BODIPY-FL C 1 -IA, hereafter shortened to BODIPY) that selectively and covalently modifies reactive Cys residues on the protein surface (out of a total of seven). As statistical proximity of two excited-state BODIPY fluorophores within a critical radius of B25 Å leads to self-quenching (Dahim et al, 2002; Fernandes et al, 2003) , the potential decrease in BODIPY fluorescence intensity upon Dyn BODIPY -Dyn BODIPY interactions was used as an index of dynamin self-assembly. Control experiments established that BODIPY labeling did not alter the GTPase activity or selfassembly properties of the respective proteins (data not shown). As expected, self-assembly of Dyn1-WT BODIPY on PI4,5P 2 -containing membranes resulted in nearly 15% quenching of BODIPY emission intensity, whereas, on the other hand, incubation of Dyn1-R399A
BODIPY with these membranes did not show any significant quenching, also Figure 3 Dyn1-R361S and Dyn1-R399A dimers exhibit impaired cooperativity in self-assembly. GTP hydrolysis rates of Dyn1-WT (J), Dyn-R361S (&) or Dyn1-R399A (E) at low ionic strength (no salt) were determined at 371C as described under Materials and methods, and are plotted as a function of dynamin concentration. The GTPase activities of Dyn1-R361S and Dyn1-R399A are linearly proportional to their concentration in contrast to Dyn1-WT, which exhibits sigmoidal behavior. The average values of at least three independent experiments are shown along with standard deviations.
consistent with the defect in its higher-order self-assembly ( Figure 4C ). The apparent lack of ordered Dyn1-R399A self-assembly upon incubation with PI4,5P 2 -containing membranes ( Figures 1C and 4C ) also correlated well with the nearly 90% reduction in its stimulated GTPase activity despite 50% binding to these membranes ( Figure 1B) . Using this assay, we then determined whether dynamin self-assembly or nucleation ensued upon GTP addition. Upon GTP addition, neither Dyn1-WT BODIPY nor Dyn1-R399A BODIPY showed any significant quenching of BODIPY emission intensity, clearly indicating lack of GTP-dependent nucleation or higher-order self-assembly under these conditions ( Figure 4D ). From these data, we conclude that the activation of the dynamin GTPase observed before steady-state basal GTP hydrolysis is not due to dynamin-dynamin higher-order interactions or nucleation, but perhaps to a slow, allosteric conformational transition in unassembled dynamin relayed between subunits of a tetramer, or a dimer in the case of Dyn1-R399A, presumably by the middle domain and/or the GED that participate in subunit-subunit interactions.
Discussion
The role of the middle domain in dynamin structure and function has remained ill-defined until now. Here, we show that substitution of conserved arginines at positions 361 and 399 in the middle domain disrupts dynamin's tetrameric structure in the unassembled state and consequently impairs its ability to stably bind to and nucleate self-assembly on membranes. Thus, the middle domain functions as an essential oligomerization domain in dynamin self-assembly. Our results provide four new insights into the mechanism of dynamin self-assembly. First, stable binding of dynamin to target membranes requires the high avidity interactions provided by dynamin tetramerization, evident by impaired membrane binding in Dyn1-R361S and Dyn1-R399A dimers ( Figure 1B) . Second, the tetramer constitutes the smallest, stable dynamin assembly intermediate that can effectively nucleate further self-assembly, as judged by the impairment of self-assembly in Dyn1-R361S and Dyn1-R399A dimers a Obtained from at least three independent experiments by linear extrapolation of the slope of steady-state basal GTP hydrolysis to the x-axis. Differences in lag for Dyn-WT and Dyn1-R399A at different concentrations were within experimental error and are not significant. b Obtained by linear least-square analysis of data from at least three independent experiments.
( Figures 1B, 3 and 4C) . Third, intermolecular interactions involved in dynamin self-assembly are mediated by the middle domain that constitutes at least one of the assembly interfaces in dynamin polymerization. And fourth, GTPase stimulation requires proper register of this assembly interface, as its perturbation in Dyn1-R361S and Dyn1-R399A results in defective higher-order structures and poor stimulation of GTPase activity ( Figure 1A and C) . In addition, our findings also resolve two contentious issues regarding the oligomeric state and GTPase activity of unassembled dynamin. Although hydrodynamic analyses have demonstrated that unassembled dynamin remains in dynamic equilibrium between monomeric and tetrameric states, recent low-resolution cryo-EM data suggest that the building block of self-assembled dynamin is instead a dimer (Zhang and Hinshaw, 2001 ). Based on these observations, it has been suggested that under conditions that favor self-assembly, dynamin shifts from a 'closed' tetramer to an assembly-competent 'open' dimer (Zhang and Hinshaw, 2001) . In light of our data that dimers of Dyn1-R361S and Dyn1-R399A are in fact impaired in membrane binding, we propose that the dynamin tetramer is instead a 'dimer of dimers' that can stably bind and nucleate further selfassembly on membranes. Secondly, our finding that Dyn1-WT tetramers and Dyn1-R399A dimers both exhibit robust rates of steady-state GTP hydrolysis that do not correlate with their quaternary structures (Table II) indicates that the basal GTPase activity of dynamin is independent of its higher-order protein-protein interactions ( Figure 4A and B and Table II ). This basal GTPase activity assumes greater significance in light of the putative role of unassembled dynamin in the early, rate-limiting steps of endocytosis before self-assembly, where dynamin either in the GTP-bound state or in the course of steady-state GTP turnover has been suggested to serve as a kinetic timer that regulates and controls coated pit assembly and maturation (Narayanan et al, 2005) .
Upon dilution into low ionic strength buffer, both yeast Dnm1 and Dyn1-WT exhibit pronounced kinetic lags preceding steady-state GTP hydrolysis, which has been strictly interpreted to mark a GTP-dependent, rate-limiting nucleation event (Ingerman et al, 2005; Sever et al, 2006) . We interpret these concentration-dependent events to reflect dynamin higher-order assembly and assembly-stimulated GTPase activities. We however also observe similar, but concentration-independent lags for both Dyn1-WT and Dyn1-R399A even at high ionic strength conditions (150 mM KCl) that do not favor dynamin self-assembly in the absence of an appropriate lipid template ( Figure 4A and B and Table II ), suggesting that this lag observed for basal GTPase activity does not correspond to a GTP-dependent nucleation event. The lack of GTP-dependent nucleation under these conditions was further confirmed by our fluorescencebased measurement of dynamin self-assembly in real time ( Figure 4C and D) . We therefore suggest that this lag instead reflects an allosteric conformational change in dynamin tetramers, or dimers in the case of Dyn1-R399A, that precedes and activates steady-state basal GTP hydrolysis.
From a structural perspective, our findings establish that the middle domain, in addition to the GED, serves as an assembly interface in dynamin polymerization. Previous studies have shown that GED interacts with the GTPase and the middle domains and also with itself (Sever et al, 1999; Smirnova et al, 1999) . Recent cryo-EM data have suggested that the 'stalk' region in the T-shaped dynamin dimer composed of the GED and the middle domain mediate intermolecular interactions in self-assembled dynamin (Zhang and Hinshaw, 2001) . It was recently shown that a self-assemblydefective GED mutant (Dyn1-I690K) that was previously reported to form WT-like tetramers in equilibrium-disrupting crosslinking experiments (Song et al, 2004b) exists as a dimer, by analytical ultracentrifugation (Sever et al, 2006) . Using SEC-MALLS, we have independently verified this finding (our unpublished results). This GED mutant exhibits assembly defects very similar to those of Dyn1-R361S and Dyn1-R399A (Song et al, 2004b) . In light of these observations, we predict that the middle domain and the GED each present an assembly interface on opposite faces of the dimer stalk that participate in intermolecular interactions along the radial axis of the dynamin spiral.
Materials and methods
Mutagenesis and generation of recombinant baculoviruses cDNA encoding human dynamin 1 subcloned in pBS II (KS þ ) (Stratagene) was used as the template for Quikchange mutagenesis (Stratagene). Mutations were confirmed by automated DNA sequencing. The BamHI-KpnI fragment carrying each mutation was then used to replace the corresponding fragment of WT dynamin 1 cDNA subcloned in pVL1393 (AB vector). Recombinant baculoviruses harboring these cDNA constructs were generated by cotransfection of Sf9 insect cells together with BaculoGold linearized baculovirus DNA according to the manufacturer's instructions (Pharmingen).
Dynamin expression and purification
Dynamin was expressed in Tn5 insect cells infected with recombinant baculovirus and purified by affinity chromatography using the amphiphysin II SH3 domain conjugated to glutathione-S-transferase (Marks et al, 2001) . Purified dynamin was dialyzed against storage buffer (20 mM HEPES (pH 7.5), 150 mM KCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 50% v/v glycerol) and stored at À801C. Addition of glycerol stabilized our dynamin preparations and considerably reduced protein aggregation (Quan and Robinson, 2005) . Protein concentration was determined by absorbance at 280 nm using a molar absorptivity coefficient of 58 790 M À1 cm À1 . The GTPase domain of dynamin (residues 1-307) subcloned in pMAL c2X (NEB) was overexpressed in Escherichia coli BL21 (DE3) (Invitrogen) as an N-terminal fusion to the maltose-binding protein (MBP-GTPase) and purified according to NEB's protocol. Purified protein was aliquoted, flash frozen in liquid nitrogen and stored as above. Protein concentration was determined by absorbance at 280 nm using a molar absorptivity coefficient of 73 800 M À1 cm À1 .
Liposome preparation
Liposomes containing either 100 mol% 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC; Avanti polar lipids) or 100 mol% 1,2-dioleoyl-sn-glycero-3-phosphoserine (Avanti polar lipids) or a mixture containing 80 mol% DOPC, 15 mol% porcine brain PI4,5P 2 (Avanti polar lipids) and 5 mol% cholesterol (Calbiochem) were prepared by extrusion through 400-nm-pore polycarbonate membranes (Whatman) using an Avanti Mini-extruder, as described earlier . For sucrose-loaded liposomes, the dried lipid mixture was rehydrated instead in buffer containing 0.3 M sucrose and processed as above.
GTPase assay
Dynamin GTP hydrolysis either at low ionic strength (no KCl) or in the presence of PI4,5P 2 -containing liposomes at physiological ionic strength (150 mM KCl) was monitored as a function of time using a malachite green-based colorimetric assay that detects released P i as described earlier . The kinetics of basal GTP hydrolysis was measured at physiological ionic strength (150 mM) at 371C using a coupled assay in which GTP was continuously regenerated, as previously described (Ingerman et al, 2005) . Briefly, GTPase assays were performed in 20 mM HEPES (pH 7.5), 150 mM KCl, 5 mM MgCl 2 , 1 mM phosphoenolpyruvate (PEP), 20 U/ml pyruvate kinase/lactate dehydrogenase, 600 mM NADH and 500 mM GTP in a final volume of 200 ml. Reactions were initiated by the addition of dynamin to a final concentration of 2, 4 or 6 mM to the above mixture and thorough mixing of the contents. Depletion of NADH was measured by monitoring the decrease in absorbance at 340 nm over 90 min using a 96-well plate reader (Synergy HT multidetection microplate reader, BIO-TEK Instruments Inc., Winooski, WT). The change in absorbance over time was used to generate GTP hydrolysis rates under constant GTP concentration.
Sedimentation assay
Dynamin self-assembly on liposomes or under low ionic strength (no KCl) was tested by sedimentation after high-speed centrifugation. For assembly on liposomes, dynamin (1 mM) was incubated with sucrose-loaded liposomes (300 mM lipid with or without PI4,5P 2 ) in 20 mM HEPES, pH 7.5, and 150 mM KCl in a final volume of 50 ml at 371C for 15 min. Mixtures were then spun at 14 000 r.p.m. (20 800 g) for 20 min in a microfuge refrigerated at 41C to obtain supernatant (S) and pellet (P) fractions. The pellet fraction containing liposomes was resuspended in 50 ml of the same buffer to obtain equal volumes of S and P fractions. For assembly in low ionic strength buffer, dynamin (1 mM), initially in 20 mM HEPES, pH 7.5, and 150 mM KCl, was dialyzed overnight against 20 mM HEPES, pH 7.5, and then fractionated into S and P, as above. Samples were heated at 951C for 5 min after addition of 10 ml of 6 Â SDS-PAGE buffer, resolved on an 8% polyacrylamide gel and visualized by Coomassie staining.
Negative staining and electron microscopy Dynamin (1 mg/ml) was mixed 1:1 (v:v) with PI4,5P 2 -containing liposomes (1 mg/ml lipid) and incubated at room temperature for 2 h. The mixture was then adsorbed onto carbon-coated grids, washed thoroughly with low-salt buffer (20 mM HEPES, pH 7.5) and stained with 1% uranyl acetate. Images were collected on a film using a Phillips CM200 FEG microscope at 120 kV and a nominal magnification of Â 38 000. Representative micrographs were digitized using a Perkin-Elmer Micro-10 1010GM microdensitometer.
Analytical ultracentrifugation
Sedimentation velocity analytical ultracentrifugation was performed on a Beckman XL-I analytical ultracentrifuge using both interference and absorbance optics. AUC cells were constructed with sapphire windows, 1.2-mm charcoal-filled Epon centerpieces, and used with either an An60 Ti four-hole or an An50 Ti eight-hole rotor. Samples (5 mM dynamin in 20 mM HEPES (pH 7.5), 150 mM KCl, 1 mM EDTA, 1 mM EGTA and 1 mM DTT) were equilibrated to 201C before being spun at 50 000 r.p.m. for 4 h, recording absorbance and interference spectra as quickly as instrumentation allowed (approximately every 2-10 min). Scans were analyzed using the c(s) method in SedFit (Schuck, 2000) .
Size-exclusion chromatography and multiangle laser light scattering Samples (100 ml) of 10 mM dynamin in 20 mM HEPES (pH 7.5), 150 mM KCl, 1 mM EDTA, 1 mM EGTA and 1 mM DTT were fractionated on a Superose 6 10/30 HR (Amersham Biosciences) column equilibrated with 20 mM HEPES, pH 7.5, and 150 mM KCl and analyzed using a DAWN-EOS multiangle light scattering spectrophotometer (Wyatt Technologies, Santa Barbara, CA). Data analysis was accomplished using the ASTRA software package (Wyatt Technologies, Santa Barbara, CA).
